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ABSTRACT:  The  reaction  of  ethaxyl  radicals  with  ethyl  nitrite,  nitric  oxide 

and  a mixture  of  these,  all  in  the  vapor  phase,  has  been  studied.  The  radicals 
were  produced  by  the  decomposition  of  diethyl  peroxide  at  l8l°C. 

The  impact  of  the  results  of  these  studies  on  the  mechanl  sms  for 
the  thermal  decomposition  of  both  nitrate  and  nitrite  esters  is  discussed  and 
revised  mechanisms  suggested. 
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in  these  mechanism  and  in  torn  in  the  mechanism  of  thermal  decomposition  of 
nitrate  ester  propellants « 
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the  iEccMPosmcsj  or  diethyl  peroxide  in  the  presence  of 

NITRIC  am®  AND  ETHYL  NITRITE 


INTRODUCTION 

Recent  studies  In  this  laboratory  have  revealed  that  In  the  thermal  de- 
c opposition  of  ethyl  nitrate,  a major  product  Is  ethyl  nitrite  (a).  It  seems 
quite  likely  that  such  products  are  typical  for  nitrate  esters  and  an  under* 
standing  of  hov  they  arise  Is  basic  to  an  understanding  of  how  nitrate  esters 
decompose.  In  a previous  report  (a)  two  possible  routes  to  nitrite  ester  for* 
nation  were  discussed.  One  route  was  the  reaction  of  nitrogen  dioxide  and 
alcohols : 

CgE-OH  + 2N02  * Cg^ONO  + HONO£  (l) 

It  was  pointed  out  that  this  route  was  inadequate  to  explain  the  amount  of 
nitrite  ester  formed. 

The  other  route  discussed  involved  the  reaction  of  alkoxyl  radicals  with 
nitric  oxide: 


CgBjO*  + NO  — » CgH^GNO  (2) 

Evidence  on  the  feasibility  of  this  route  was  found  In  studies  on  the  thermal 
decomposition  of  nitrite  esters.  This  reaction  which  Is  quite  similar  to  the 
thermal  decomposition  of  nitrate  esters  has  been  thoroughly  studied  (b)  and 
the  following  mechanism  is  currently  accepted: 

CgHjONO  — ► Cg^O*  + NO  (3) 

W + <WB0  — W“  * CH35OKO 

CHjCBbNO  — ► CH3CH0  + NO  (5) 

Comparison  of  this  with  the  mechanism  suggested  for  citrate  esters  (c)  shows 
that  they  are  analogous  and  any  evidence  gained  about  the  mechanism  of  nitrite 
ester  decomposition  would  have  direct  bearing  on  the  mechanism  of  nitrate  ester 
decomposition. 

The  decomposition  of  all  the  nitrite  esters  studied  (b)  follow  first  order 
kinetics.  This  requires  that  the  reverse  of  the  initial  step,  i.e.  reaction  (2) 
must  be  very  slow  compared  with  the  second  step,  reaction  (b).  It  seemed  that 
if  this  were  so  then  the  same  thing  would  be  true  for  nitrate  esters  and  reaction 
(2)  as  a route  to  the  nitrite  esters  would  be  invalid. 

It  i«  somewhat  puzzling  to  consider  that  reaction  (2)  should  be  slew  com- 
pered to  (4).  Reaction  (2)  Is  a reaction  between  two  free  radicals  and  probably 
has  an  activation  energy  that  Is  zero,  or  very  low  (d).  It  would  be  expected 
to  be  a vary  fast  reaction. 
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It  therefore  seemed  desirable  to  investigate  this  point  further.  It 
has  been  possible  to  compere  the  relative  velocities  of  reactions  (S)  end. 

(k)  directly  and  the  results  of  this  Investigation  are  the  basis  of  this 
report. 

g»e  Basis  of  the  Egerinental  Method 

The  decomposition  of  diethyl  peroxide  has  recently  been  studied  by  Harris 
and  Egerton  (e)  in  a static  system  over  a pressure  range  of  2 to  30  os.  and  by 
Rebbext  and  Laldler  (f)  at  very  low  pressures,  using  a flow  system  wherein  the 
peroxide  was  carried  along  in  a large  excess  of  toluene  vapor,  file  evidence 
indicates  that  tbs  first  step  in  the  diethyl  peroxide  decomposition  is 

C-H^OOCJL  -a*  20^0.  (6) 

At  lBl°C  the  half  life  of  diethyl  peroxide  ae  calculated  from  the  data  of 
Harris  and  Egerton  (e)  is  about  3 seconds  while  that  for  ethyl  nitrite  is 
about  130  minutes  (g)»  By  beating  a mixture  of  diethyl  peroxide,  nitric  oxide 
and  ethyl  nitrite  at  for  a few  minutes  it  should  be  possible  in  essence 

to  generate  stbsx/i  radicals  in  the  presence  of  ethyl  nitrite  and  nitric  oxide 
and  by  measuring  tbs  bhangs  la  ethyl  nitrite  pressure  to  get  a measure  of  the 
comparative  velocities  of  reactions  (2)  end  (a). 


Experimental  Part 


Chemicals 


The  ethyl  nitrite  used  was  prepared  in  standard  fashion  (g),  distilled  and 
a middle  fraction  taken.  It  was  stared  in  sealed  ampules  in  a refrigerator. 

fie  nitric  exile  used  was  purchased  from  the  Mathesen  Company  and  was 
certified  as  <££  pure.  It  was  used  directly  from  the  cylinder  but  further  pur* 
ificat5.cn  was  effected  by  aHoviag  the  tube  on  the  bulb  filling  apparatus  con- 
taining the  nitric  oxide  to  wa of  up  only  enough  to  generate  a sufficient  pressure 
of  nitric  oxide.  In  this  way  the  higher  nitrogen  Oxides  which  are  the  chief 
impurity  wear#  retained  In  the  tubs.  When  a glass  jhgtess  trie  cell  was  filled 
this  way  end  analysed  for  nitrogen  dioxide  at  a it  was  found  to  be  com- 

ts»aaayyegtt 

Tbs  diethyl  peroxide  used  was  prepared  as  described  by  Harris  and  Egerton 
(e).  file  final  distillation  at  atmospheric  pressure  yielded  a product  boiling 
at  62.5  - 63.5°C»  The  mass  spectrographle  pattern  is  shown  in  fable  1. 
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Table  1 

The  Mass  Spectrograpcic  Pattern  far  Diethyl  Peroxide 


m/e 

Intensity 

§/e 

Intensity 

m/e 

Intensity 

Intensity 

90 

16 

H6 

2.32 

31 

27 

19 

*.73 

7* 

1.91 

*5 

33 

30 

5.3 

15 

17.7 

6 2 

30.6 

kh 

*.73 

2 9 

IOO.O 

1* 

2.77 

61 

2.02 

*3 

1* 

28 

1B.7 

59 

3.56 

42 

1.79 

27 

15.8 

*7 

3.0* 

*1 

2.05 

26 

3.3 

This  pattern  Is  quite  similar  to  that  reported  by  Rebbert  and  Laidler  (f). 
Sere,  too,  the  29  peak  Is  the  strongest  and  the  parent  peak  is  at  90.  The 
presence  of  a peak  at  7*  snows  that  ethyl  ether  is  present  but  it  is  dif- 

ficult to  assess  the  amount.  At  any  rate,  the  purity  was  considered  sufficient 
for  the  experiments  In  prospect. 

The  Analytical  Technique 

In  Figure  1,  the  infrared  spectna  of  pure  ethyl  nitrite  taken  on  a Perkin  - 
Elmer  Model  21  Double  Beam  Infrared  Spectrometer  Is  compared  to  the  spectrum  of 
the  products  obtained  when  diethyl  peroxide  Is  heated  with  nitric  oxide  at  l8l°C. 
It  is  clear  that  ethyl  nitrite  Is  the  product  of  this  reaction.  The  peak  cen- 
tering at  12. 85 jn  vas  that  used  for  the  analysis  of  ethyl  nitrite.  Diethyl 
peroxide.  Its  decomposition  products,  and  nitric  oxide  were  found  to  be  trans- 
parent in  this  region.  The  analysis  then  simply  Involved  measuring  the  optical 
density  of  the  decomposition  mixtures  at  this  point  and  dividing  It  by  the  Beer's 
law  constant  for  ethyl  nitrite. 

The  Beer's  law  constant  for  ethyl  nitrite  at  12.85/^  for  a pressure  of  1 mm. 
and  a cell  length  of  1 ran.  is  0.0008*7  + 0.00002.  (a). 

The  Experimental  Measurements 

The  experiments  were  carried  out  by  Immersing  bulbs  filled  with  the  appro- 
priate gases  In  a constant  temperature  bath  for  the  appropriate  time.  The 
reaction  was  stopped  by  ljrayerslng  the  bulbs  In  cold  water  and  the  contents  were 
transferred  to  an  Infrared  cell.  This  technique  is  described  completely  In  a 
previous  report  (a).  It  ssy  be  noted  that  in  preparing  gas  mixtures  containing 
ethyl  nitrite  the  ethyl  nitrite  pressure  was  measured  optically.  At  the  same 
time  that  the  ethyl  nitrite  was  admitted  to  a reaction  twit  It  was  admitted  to 
an  Infrared  coll.  The  pressure  was  then  measured  by  taking  the  optical  density 
of  the  gas  In  the  cell  at  22.Q5J4*  This  gave  a more  accurate  pressure  measure- 
ment since  the  Baer' a law  constant  Is  calculated  on  the  basis  of  a large  number 
of  pressure  measurements  cad,  hence  Is  more  accurate  than  a direct  pressure 
reading  on  the  manometer  would  be. 
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Results 

Tbe  experimental  results  are  sunaarired  in  Table  2. 


Table  2 

Products  of  tbe  Decomposition  of  Diethyl  Peroxide  (SEP)  in  the 
Presence  of  Ethyl  Nitrite  and  Nitric  Oxide  at  l8l°C 


Final  Pres-  Fractional 


Expt. 

Initial 

DEP 

Pressure*  (mn») 
NO  CgH^ONO 

Time 

(min.) 

sure*  of 
Cg^ORO 

Cj>Hcj0N0 

Produced 

Yield2  of 
CgE^ONO 

1 

11.0 

22.0 

— 

1.0 

3.7 

3.7 

0.17 

2 

10.0 

42.0 

— - 

1.0 

5.5 

5.5 

0.28 

3 

10.0 

75.0 

— 

1.0 

3.9 

3.9 

0.19 

4 

11.0 

A 

— 

2.0 

3.7 

3.7 

OmJLf 

5 

11.0 

23.0 

— 

4.0 

13.4 

13.4 

0.61 

6 

13.8 

23.5 

— 

4.3 

16.O 

i6.o 

0.58 

7 

12.0 

22.0 

— 

6.0 

14.1 

l4.i 

0.59 

8 

n.5 

44.0 

— 

6.0 

15.1 

15  •! 

0.66 

9 

11.0 

22.0 

10.5 

4.0 

22.8 

12.3 

0.56 

10 

11.0 

22.0 

— 

4.0 

12.2 

12.2 

0.56 

11 

12.8 

— 

20.0 

4.0 

20.2 

0.2 

— 

12 

14.0 

--- 

20.0 

4.0 

20.9 

0.9 

Hfcasursd  at  25°C 

2Based  on  a theoretical  yield  of  2 moles  of  ethyl  nitrite  per  mole  of  diethyl 
peroxide. 


Harris  and  Egertcn  (s)  ha^s  reported  a slight  induction  period  for  the  de- 

coapoaition  of  diethyl  peroxide.  This  period  is  lengthened  by  the  addition  of 
nitric  oxide.  Thus  30)1  nitric  oxide  increased  it  from  6 seconds  to  about  2 min- 
utes at  170°C.  The  low  yield  in  expta.  1-4  is  attributed  to  Incomplete  decompos- 
ition of  the  diethyl  peroxide  due  to  this  effect.  The  lowered  yield  in  expt.  3 
as  compared  to  expt.  2 is  attributed  to  the  greater  inhibition  in  expt.  3 due  to 
the  greater  amount  of  nitric  oxide.  Judging  from  expta.  4,  5,  6 and  7 0 period 
of  four  minutes  heating  was  sufficient  to  give  the  maximum  yield  for  the  given 
pressures. 
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Experiments  9 aal  10  are  a direct  measure  of  B»  relative  reactivity  of 
nitric  oxide  end  ethyl  nitrite  with  the  ethosyl  radical.  In  expt.  10  as 
such  ethoaqrl  reacted  with  nitric  oxide  in  the  presence  of  an  amount,  of  ethyl 
nitrite  equal  to  the  nitric  oxide  aa  did  in  expt.  9 where  no  ethyl  nitrite 
was  present.  Ibis  indicates  that  the  ethcaqrl  - nitric  oxide  reaction  is  ouch 
nose  rapid  ‘ttum  the  ethoaqrl  - ethyl  nitrite  reaction  at  this  temperature. 
Experiments  11  sad  12  are  seen  acre  decisive.  On  the  basis  of  two  moles  of 
ethoaqrl  radical  per  mole  of  diethyl  peroxide  more  than  enough  diethyl  peroxide 
was  present  to  decompose  all  the  ethyl  nitrite  in  each  experiment.  Instead  no 
decomposition  occurred.  The  slight  increases  observed  may  be  attributed  in 
part  to  the  analytical  error  and  in  part  to  the  possible  formation  of  ethyl 
nitrite  frm  *aaU  amounts  of  nitric  oxide  present  in  the  ethyl  nitrite. 

It  is  not  clear  what  happens  to  the  erncxyl  radicals  in  expts.  11  and  12. 

An  examination  of  the  infrared  spectrum  of  the  products  free  expt.  11  shows  only 
minor  absorption  at  the  acetaldehyde  carbonyl  aticrptiea  at  5*65/4*  Doe  to  the 
tendency  of  fbrmalddiyde  to  polymerize  to  paraformaldehyde  its  vapor  pressure 
is  too  low  to  allcw  any  conclusions  to  be  reached  on  its  presence  by  means  of 
the  infrared  spectrtmu 

It  is  somewhat  puzzling  that  the  naxlmcm  yield  of  ethyl  nitrite  was  only 
about  0.66.  If  this  were  due  to  a competition  between  (4)  and  some  other  re- 
alties! of  the  ethcaqrl  radical  it  would  seas  that  doubling  the  nitric  oxide 
pressure,  expts*  6 sad  7,  would  increase  the  yield  more  than  it  did.  It  is 
possible  alternatively  that  this  is  is  part  due  to  as  imparity  is  the  diethyl 
peroxide.  The  mass  spectrograph  pattern  indicated  the  presence  of  ethyl  ether, 
althos^  the  amount  is  uncertain.  When  a sample  of  diethyl  peroxide  was  baa  ted 
by  Itself  to  complete  decomposition  a pressure  increase  of  lOfejt  was  obtained. 
Harris  and  Egerton  (e)  report  a pressure  increase  of  about  JLlTJb  for  their 
samples  so  Boat  it  would  seem  that  by  this  test  the  material  used  here  was  of 
comparable  purity.  Since  in  any  case  a substantial  yield  of  ethyl  nitrite 
could  be  obtained  it  was  possible  to  test  the  point  at  issue  and  this  aspect 
of  the  experimental  work  was  not  pursued  further. 

The  Mechanism  of  the  Decomposition  of  Albyl  Hltrites 

la  considering  a mechanism  for  this  reaction,  the  following  observations 
made  by  Steade  aay  be  considered.  Hltric  oxide  was  a major  product.  On  the 
basis  of  one  nitric  oxide  molecule  per  molecule  of  nitrite  decomposed,  the 
yields  were  about  90)1.  In  addition  varying  small  amounts,  1 - 10)t,  of  carbon 
monoxide  ware  present  as  well  as  small  amounts  of  inert  gases.  The  analyses 
used  by  Steacie  and  Shaw  (g)  to  establish  the  presence  of  alcohols  and  aldehydes 
as  the  products  were  not  quantitative  but  it  is  quite  certain  that  these  pro- 
ducts were  present  In  more  than  trace  amount,  (Kornbltm  and  Oliveto  (h)  have 
recently  reported  the  formation  of  2-oetanol  in  8o£  yield  in  the  pyrolysis  of 
liquid  2 -octyl  nitrite.) 

It  as  doubtful  whether  any  arguments  can  be  based  on  the  pressure  Increases 
observed  during  the  reaction*  These  varied  from  6b£  for  n -butyl  nitrite  to 
100)1  for  a-propyl  nitrite*  The  final  pressures  were  not  constant  in  any  case. 
The  presence  of  terry  materials  in  the  case  of  n-propyl  and  a -butyl  nitrites  is 
another  complicating  factor. 
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It  seems  quite  likely  that  the  first  step  In  the  reaction  is  (3).  The 
steps  suggested  by  Bice  said  Bodowskas  to  give  the  alcohol  and  aldehyde  most. 

In  the  light  ox  the  results  of  Table  2 be  incorrect*  Bsc  only  plausible 
route  left  for  these  is 

CgS^O*  + CgH^O*  — > C2B5OH  + CH5CBO  « (7) 

Steps  like  (7)  hare  been  proposed  before  for  alkoayl  radicals  (i,  J)  but 
(4)  has  been  preferred  to  (7)  because  of  the  such  higher  concentration  of  the 
alkyl  nitrite  as  compared  to  the  alkoqqrl  radical.  Bsls  factor  is  apparently 
offset  by  the  xuch  lower  activation  energy  of  (7).  step  (7)  Is  probably  aceom- 
panled  by  the  reaction  suggested  by  Bice  and  Bodowskas 

CgH_0*  — > CHL*  + CH_0  . (8) 

Since  (7)  is  blaolecular  and  (8)  is  unaalecular,  it  will  be  seen  that  lower 
pressures  will  favor  (8)  sad  the  yield,  of  ethyl  alcohol  and  acetaldehyde  as 
compared  to  formaldehyde  would  depend  on  the  pressure  sad  temperature*  Since 
as  mentioned  earlier  the  Infrared  spectrin  of  the  products  in  expt*  11  Indicates 
that  little  acetaldehyde  was  formed,  it  appears  that  at  these  pressures  and  at 
this  temperature,  (8)  predominates  over  (7).  In  the  other  extreme,  the  pyrolysis 
of  2 -octyl  nitrite  in  the  liquid  phase,  the  high  yield  of  alcohol  and  ketone  is 
consistent  with  the  relatively  high  concentration  of  alkaxyl  radicals* 


Bice  and  Bodowskas  have  written  as  a further  reaction  of 

B 


CH,*  + CS_CBLajfO 


CB*  + 


»thyi  radical 
(9) 


Since  in  expt*  11  and  12  there  was  no  induced  decomposition  of  the  ethyl  nitrite, 
it  appears  that  here  the  true  fate  of  the  methyl  radicals  is 


2CH3.  o^6 


(10) 


This  result  is  similar  to  one  found  by  Bebbert  and  Laidler  In  the  diethyl  poraec- 
Ids  decomposition*  Despite  the  presence  of  a large  excess  of  toluene  the  major 

product  was  etksns  and  only  snail  asssats  of  .sstkasg  end  dibsssyl,  psedsets  of 

CSj*  + CgE^GSj  — GB^  + C^S^uUg* 


W WWW 


were  found* 

The  presence  of  carbon  mcaoadde  in  the  products  can  be  explained  here, 
as  it  was  In  the  ease  of  diethyl  peroxide,  (e,f)  on  the  basis  of  a radical* 
induced  decomposition  of  the  aldehydes* 

It  thus  appears  that  a satisfactory  picture  of  the  alkyl  nitrite  decomposi- 
tion is  represented  by  equations  (3)  (7)  (8)  and  (10)  with  the  sequence  (3)  (7) 
predominating  at  higher  pressures  and  (3)  (0)  (10)  taking  over  at  lower  pressures. 
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Effect  of  Results  gn  Mechanism  of  Ethyl  Nitrate  Decompoaltlon 


It  le  now  clear  that  (2)  is  a perfectly  reasonable  route  to  nitrite  ester 
formation  in  nitrate  ester  decomposition*  It  my  be  incorporated  into  a re- 
action Mechanism  and  the  following  sequence  of  equations  is  one  possible  scheme: 

C^OHOg  — > CgHeO*  + NOg 


C^O. 

+ NC 

*2  ' 

► CgH'.ONOg 

Cj>HijO# 

+ NC 

> -*■ 

CgH^ONO 

C^Oe 

— ^ 

CH3< 

► + HUgO 

CH^*  + 

N02 

<*3*2 

CHj.  + 

NOg 

^ 

CH^OKO 

ROg  + 


CHgO 


NO  + CO  *»■  COg  + ^0 


All  of  "Hie  products  found  in  the  ethyl  nitrate  decomposition  are  accounted  for 
by  the  above  sequence*  There  are  some  serious  defects  is  it*  The  amounts  of 
ethyl  nitrite  found  in  the  ethyl  nitrate  decomposition  require  that  almost  one 
nitrite  is  formed  per  nitrate  molecule  decomposing.  The  above  scheme  does  not 
furnish  enough  nitric  oxide  to  meet  this  requirement.  Furthermore  nitromethane 
and  methyl  nitrite  were  found  only  In  small  amounts  and  at  the  end  of  the  re- 
action* She  above  mechanism  implies  that  they  would  be  formed  throughout  the 
course  of  the  reaction  and  in  appreciable  amount* 


The  above  mechanism  does  account  for  the  products  found  better  than  the 
previous  one  (c)  and  despite  the  defects  pointed  out  above  it  can  serve  as  a 
basis  for  discussion  and  as  a stimulant  to  ideas  for  research  in  the  future* 


Summary 

The  reaction  between  ethoxyl  radicals  and  nitric  oxide  at  !8l0C  has  been 
studied  using  the  decomposition  of  diethyl  peroxide  as  the  source  of  ethoxyl 
radicals.  It  has  been  found  that  ethyl  nitrite  is  formed*  The  rate  of  re- 
action of  ethoxyl  radicals  with  nitric  oxide  at  lBl°C  has  lieen  found  to  be 
suck  greater  than  that  with  ethyl  nitrite*  Decomposition  of  diethyl  peroxide 
in  the  presence  of  ethyl  nitrite  in  fact  shews  no  evidence  of  reaction  involving 
the  nitrite  ester. 

The  Implications  of  these  results  for  the  mechanisms  of  the  thermal  de com- 
pos it  ion  of  nitrite  and  nitrate  esters  are  discussed  and  revised  mechanisms 
suggested. 
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SPECTRUM  OF* PRODUCT  OF  C2H5OQC2H^-NQ  REACTION 

PURE  C2H50NI0  (CURVE  DISPLACED  DOWNWARD) 


